Skeletal muscle is capable of robust self-repair following mild trauma, yet in cases of traumatic volumetric muscle loss (VML), where more than 20% of a muscle's mass is lost, this capacity is overwhelmed. Current autogenic whole muscle transfer techniques are imperfect, which has motivated the exploration of implantable scaffolding strategies. In this study, the use of an allogeneic decellularized skeletal muscle (DSM) scaffold with and without the addition of minced muscle (MM) autograft tissue was explored as a repair strategy using a lower-limb VML injury model (n = 8/sample group). We found that the repair of VML injuries using DSM + MM scaffolds significantly increased recovery of peak contractile force (81 -3% of normal contralateral muscle) compared to unrepaired VML controls (62 -4%). Similar significant improvements were measured for restoration of muscle mass (88 -3%) in response to DSM + MM repair compared to unrepaired VML controls (79 -3%). Histological findings revealed a marked decrease in collagen dense repair tissue formation both at and away from the implant site for DSM + MM repaired muscles. The addition of MM to DSM significantly increased MyoD expression, compared to isolated DSM treatment (21-fold increase) and unrepaired VML (37-fold) controls. These findings support the further exploration of both DSM and MM as promising strategies for the repair of VML injury.
Introduction
O ur group is exploring the development of strategies designed to treat volumetric muscle loss (VML) injuries. The substantial loss (>20%) of skeletal muscle tissue, either through trauma or surgical resection, appears to overwhelm the normal wound healing mechanisms that function effectively following minor muscle injuries. 1 It is generally recognized that to properly restore muscle function following VML injury, surgical intervention is required. Unfortunately, there are limited surgical options available to treat these clinically challenging VML injuries. The currently accepted surgical approach for the replacement of lost skeletal muscle is autologous muscle flap transfer. [2] [3] [4] Although frequently successful, muscle flap transfer is a highly invasive procedure that introduces significant donor site morbidity and is, therefore, only rarely indicated. The search for a less invasive VML repair strategy warrants research investment. Toward this end, several groups, including ours, are exploring the development of engineered extracellular matrix (ECM) scaffolds targeting VML repair. [5] [6] [7] [8] [9] ECM scaffolds prepared from a variety of tissue sources have been utilized to repair a wide range of damaged tissues in animal models [10] [11] [12] [13] and recently in humans. 14, 15 Within this class of tissue-derived ECM scaffolds, the application of decellularized skeletal muscle (DSM) as a repair strategy for VML injury has shown some promise. 11, 13 The multimolecular composition and highly aligned network architecture of DSM scaffolds are ideally suited for the restoration of physical and chemical cues that are lost following VML injury. To improve the preparation of DSM scaffolds, our group has recently reported on a novel infusion method, which can accelerate the decellularization process, without compromising the physical, chemical, and biocompatibility properties. 16 Our goal is to explore the utility of these infusion prepared DSM scaffolds for the repair of VML injuries. Yet, the implantation of DSM scaffolds alone, particularly when explored in the lower extremity, appears to offer an incomplete intervention for the repair of VML injuries, includes combining ECM scaffolds with the appropriate progenitor cells. In animal studies, the codelivery of muscle progenitor cells in combination with ECM scaffolds has been shown to improve functional recovery following VML injury compared to ECM scaffold delivery alone. 10, 11 The premise is that progenitor cells reestablish a needed pool of myogenic cells, which utilize the ECM implant as a substrate upon which to initiate regeneration of contractile myofibers. Cellular codelivery has yielded promising VML regenerative results, but does introduce increased clinical complexity, as it would require surgical collection and expansion of the patient's progenitor cells before implantation. Our group is interested in exploring alternatives to in vitro progenitor cell expansion and cultivation, with the aim of creating a single-stage VML repair strategy. An attractive source of muscle progenitor cells is the collection and implantation of minced muscle (MM) autografts. MM contains several components, most notably satellite cells, necessary for the regeneration of skeletal muscle and has been shown to successfully regenerate damaged muscle tissue when examined in animal models of VML injury. 18, 19 Of particular interest to our group, MM autografts can be harvested from normal muscle tissue and seeded back into the injury site during a single-stage surgical procedure.
An anticipated roadblock to the clinical translation of MM autografts is the large volume of healthy muscle tissue that would be needed for grafting into a VML defect. At present, the implantation of MM in quantities prepared using <50% of the VML defect mass has not been effective at restoring muscle function. 19 While potentially less invasive than a full muscle flap transfer, the harvest of muscle tissue in volumes required to fill half the VML defect would still introduce significant donor site morbidity. Therefore, a repair strategy that reduces the amount of MM needed to stimulate functional muscle recovery would improve the clinical utility of MM autografts. Toward this end, our team is interested in exploring the codelivery of MM autografts with infusion prepared DSM scaffolds as a VML repair strategy. We suspect that the use of DSM material as a carrier material could reduce the amount of MM autografts needed to stimulate recovery following VML injury. Specifically, the study was designed to test the hypothesis that delivery of a DSM scaffold carrier combined with a MM autograft prepared using 25% of the defect mass (1/2 the current threshold for recovery) will significantly improve functional muscle recovery (increased contractile force) and myogenesis (increased MyoD expression) following hind limb VML injury in a small animal model.
Methods

DSM scaffold preparation
To prepare DSM samples for implantation, whole tibialis anterior (TA) muscle was infusion decellularized using the previously reported 16 infusion system (Fig. 1) . TA muscles were harvested from rats that had been euthanized at the completion of an unrelated study. Briefly, the wide mid-belly region of the TA muscle was positioned onto the infusion needle (27 gauge) and enclosed within a single decellularization chamber. Four TA muscles were prepared in parallel during each run. The TA samples were infused overnight (*12 h) with 1% sodium dodecyl sulfate at a flow rate of 5 mL/h. Following infusion treatment, samples were incubated overnight in a DNAse solution (1 kU/mL DNAse in a 10 mM Tris-HCL buffer; 2.5 mM MgCL 2 + 0.5 mM CaCl 2 ) and then incubated (8 h) in a 1· penicillin/streptomycin solution to reduce the risk of infection. Samples were rinsed thoroughly (a total of six 24 h wash steps) in phosphate-buffered saline (PBS) between each preparation step. Following completion of the entire decellularization protocol, the DNA concentration of representative DSM implants (n = 4) was measured with the aid of a commercial quantification kit (Qubit; Fisher Scientific). DSM implants were lyophilized and stored at -20°C until utilized for implantation.
Animal implantation
Fischer 344 rats (Harlan), weighing *300-325 g, were used as the animal model for all implantation studies. Surgical procedures and DSM implant preparation methods were performed in accordance with protocols approved by the University of Arkansas IACUC (protocol #14044) and guided by published methods. 20, 21 Anesthesia was induced using isoflurane (1-3%) in oxygen. The implant site was surgically exposed through a 1-2 cm incision running parallel to the tibia. The TA was identified and a partial thickness VML defect (8 mm diameter · 3 mm deep) was created using a sterile biopsy punch (Fig. 2) . The muscle tissue removed from the defect site was weighed and the weight was adjusted (increased only) if needed to ensure consistent defect mass across all animals (average defect weight = 93.4 mg). Muscle defect mass values (20% of TA mass) were based on pilot study TA muscle mass measurements (average TA mass = 470 -17 mg). Muscle defect plugs were retained for use as MM autografts. Animals were randomly assigned to one of three treatment groups (n = 8 animals/treatment groups) Group 1: Unrepaired VML defect Group 2: VML defect repaired with an isolated DSM scaffold Group 3: VML defect repaired with a DSM scaffold supplemented with MM autograft tissue (25% of the VML defect mass)
A single infusion-prepared DSM scaffold was cut to size (average DSM mass = 4.9 -0.7 mg) using surgical scissors and implanted into freshly prepared VML defects (Group 2). For animals in the DSM + MM experimental group (Group 3), 25% of the defect muscle plug was hand minced into a loose paste using a scalpel and scissors until MM fragments larger than *1 mm 3 could not be visually detected. The white DSM scaffolds were manually rolled in the pink MM autograft paste until all surfaces were visibly coated. DSM + MM constructs were implanted into the VML defect. Care was taken to ensure that DSM implant network alignment was matched to TA alignment. Unrepaired VML defects (group 1) served as negative controls (n = 8/experimental group). The contralateral limb was left untreated to serve as an internal comparative control. To remain consistent with previous MM repair techniques, the DSM scaffolds were sized to fill, but were not sutured to the surrounding muscle tissue. The deeper fascia and surface skin layers were separately closed using an interrupted stitch with a 5-0 absorbable suture (Vicryl; Ethicon). A single surgeon (B.K.) performed all implantation procedures, including the preparation of MM autografts. Postoperative analgesia consisted of 0.1 mg/kg buprenorphine administered subcutaneously through injection twice daily for 2 days. Animals also had access to the anti-inflammatory medication (Carprofen) using a single dietary gel cup (MediGel CPF; ClearH 2 O) added to each cage following surgery. Animal consumption of the gel was voluntary and any uneaten gel was removed from the cage at 1-week postsurgery. Following surgery, animals were housed in standard-sized rat cages with unrestricted movement. The animals were allowed to bear weight on the operative extremity as tolerated. All animals were housed for a 12-week recovery period.
Contractile force measurement
At the completion of the 12-week recovery period, the peak tetanic contractile force was measured in situ as described in Corona et al. 18 Animals were anesthetized and the lower limb was stabilized at 90°of knee flexion (tibia parallel to the benchtop) using a custom-made alignment jig (Supplementary Fig. S1 ; Supplementary Data are available online at www.liebertpub.com/tea). The ankle was flexed to 90°and the foot was secured (surgical tape) to the lever arm of a dual-mode muscle lever system (Aurora Scientific). To isolate the contribution of the TA during force measurement, distal tenotomies were performed on the extensor digitorum longus (EDL) and extensor hallucis longus. TA peak isometric tetanic force was measured by stimulating the peroneal nerve with the aid of a physiological stimulator (Grass; S88). Optimal voltage (2-5 V) was determined using a series of tetanic contractions (150 Hz, 0.1 ms pulse width, 400 ms train). Average peak tetanic force for each animal was calculated from an average of five contractions. All contractions were separated by 1 min of rest. Raw peak tetanic contractile force (N) was recorded from both the treated and contralateral control limb of each animal and normalized to animal weight (N/kg). The weight normalized force data (N/kg) are reported in the results section. At the conclusion of electrophysiological testing, all animals were euthanized through carbon dioxide inhalation in accordance with guidelines provided by the 2013 AVMA Panel on Euthanasia of Animals.
Tissue histology
Unrepaired and repaired TA muscles along with contralateral untreated TA muscles were harvested and trimmed to remove the periosteum and tendon. EDL muscles were also collected and weighed for comparison between treated and contralateral control limbs. Muscles were rinsed in sterile PBS, dabbed dry, and then weighed. Muscles were then immediately flash frozen in liquid nitrogen cooled isopentane. FIG. 1 . DSM scaffolds were infusion decellularized using a custom-built infusion bioreactor. During decellularization, SDS solution was delivered using a hypodermic needle (A), which was positioned into the wide mid-belly region of the TA muscle (B). SDS solution was infused using a syringe pump (5 mL/h for 12 h) through each muscle and outflowed to waste collection. The bioreactor was designed to accommodate four side-by-side decellularization units each capable of accommodating a single muscle tissue sample (C). Representative whole TA muscle appearance before and following infusion decellularization treatment (D, E) illustrates the dramatic color change (red to white) following removal of intracellular myoglobin. Infusion prepared DSM scaffolds, when viewed in thin section (scale bar = 100 mm) with hematoxylin and eosin staining, retained the highly aligned architecture of native muscle ECM (F). (arrow = direction of contraction). DSM, decellularized skeletal muscle; SDS, sodium dodecyl sulfate; TA, tibialis anterior; ECM, extracellular matrix. Color images available online at www .liebertpub.com/tea Frozen TA tissue samples (n = 4/experimental group) were sectioned (7 mm) transversely through the mid-portion of the defect site with the aid of a cryostat. Sections were mounted onto microscopic slides and immunostained for the presence of myosin heavy chain (aMHC, 1:40; Iowa Hybridoma Bank), a muscle-specific protein marker, collagen type I (aColI, 1:750; Sigma), collagen type III (aColIII, 1:000; Abcam), or laminin 1 (500:1; Sigma) followed by incubation in the appropriate fluorescently labeled secondary antibodies (Alexa Fluor, 500:1; Life Technologies). Additional tissue sections were stained using a commercial Masson's Trichrome Kit following manufacturer's guidelines (Sigma). All sections were mounted onto microscope slides and digitally imaged. Treated sections were evaluated for myofiber formation and organization, as well as the formation and extent of repair tissue formation, for comparison to untreated contralateral muscle tissue sections.
Measures of aColI accumulation, a potential indicator of diffuse muscle fibrosis, in tissue regions away from the VML defect area were estimated from collagen I immunoreactivity and guided by published methods. 22 Tissue immunoreactivity to collagen I was calculated from fluorescent microscopic images (200 · ) using image analysis software (ImageJ). A total of three nonconsecutive tissue sections collected from three representative animals (n = 3/treatment group) were used for all calculations. From each section, three images were obtained from the posterior half of the TA muscle at regions located distant to (>3 mm) the anterior defect/repair site. A total of nine images were analyzed for each animal. All images were converted to 8-bit, gray scale, and uniformly thresholded across all samples to isolate aColI positive tissue regions. From these images, the percent aColI positive tissue area was calculated for all treatment and control sections.
MyoD and ECM gene expression
Real-time polymerase chain reaction (RT-PCR) was performed using the protocol described in Washington et al.
23
Tissue samples (*30 mg) collected from the defect/repair site (n = 4/sample group) were homogenized with TRIzol (Ambion) and chloroform (Sigma Aldrich) and treated with DNase (Invitrogen). RNA was extracted using the RNeasy Kit (Invitrogen). RNA concentration and purity were determined by UV spectrophotometry. RNA with a 260-to-280-nm ratio ‡1.8 was used for subsequent analysis. cDNA was reverse transcribed from 1 mg of total RNA using the SuperScript VILO cDNA Synthesis Kit (Life Technologies). cDNA was amplified in a 25 mL reaction containing appropriate primer pairs and TaqMan Universal Master Mix (Applied Biosystems). Commercially available TaqMan primers (Invitrogen) for MyoD,
FIG. 2.
To create the VML injury model, the mid-belly region of the TA muscle in a Fischer 344 rat was visualized through a 1-2 cm incision (A) and *20% of the TA muscle (average defect weight = 94 -6 mg) was excised using an 8 mm biopsy punch inserted to a depth of 3 mm (B-D). During isolated DSM repair, a single scaffold was cut to size and implanted into the TA defect (E). To prepare each MM autograft, 25% of the previously removed defect plug was minced with a scalpel and scissors and then used to coat the surface of a single DSM scaffold (F). The combined DSM scaffold and MM paste construct were implanted into the TA defect (G). The deep fascia and skin (H) were closed separately using absorbable sutures. VML, volumetric muscle loss; MM, minced muscle. Color images available online at www.liebertpub.com/tea ‰ 1154 KASUKONIS ET AL.
Timp-1, Col I, Col III, TGF-b1, MMP2, and 18s ribosomal housekeeping were used to quantify the expression of desired matrix and matrix regulatory genes (Supplementary Table S1 ). Samples were incubated at 95°C for 4 min, followed by 40 cycles of denaturation, annealing, and elongation at 95°C, 55°C, and 72°C, respectively. TaqMan fluorescence was measured at the end of the extension step each cycle. Experimental group samples were normalized to 18s and then referenced to the contralateral normal limb. Gene expression levels are reported as fold change using the 2 -(DDCt) method.
Data analysis
Based on an a priori power analysis, the implantation of eight animals per group was determined to be sufficient to detect a 15% increase in contractile force between treatment and control animals. This level of detection was designed to detect physiologically relevant and functionally meaningful increases in muscle contractile force. Pilot testing mean and standard deviation contractile force values (2.10 -0.15 N/kg) collected from intact TA muscle samples were used. All data are represented by the mean and standard error unless noted. Data were tested for normality using the Shapiro-Wilk Test. Comparisons between treatment groups (VML, DSM, and DSM + MM) for each of the outcome measures (peak force, muscle mass, collagen I% area, and gene expression) were evaluated with a one-way analysis of variance using a commercial statistical software package ( JMP). Post hoc comparisons were made using Tukey's test. A standard 0.05 level of significance was used for all statistical tests.
Results
Average DSM sample DNA content (1.0 -0.1 ng of DNA/mg of tissue) was well below the preferred implantation threshold (<50-70 ng/mg) reported by others. 24, 25 Isolated DSM implantation took *30 min to complete. The addition of MM preparation and coating steps added *10 min to the procedure. Both DSM and DSM + MM treatment groups tolerated the implantation surgery well. All animals gained weight throughout the observation period at a rate (8.3 -0.5 and 8.5 -0.3 g/week) that was not significantly different from unrepaired VML defect animals (8.8 -0.6 g/ week). There were no signs of postsurgical infection. At 1 week postimplantation, all animals were fully ambulatory with no noticeable gait differences between groups. Carprofen dietary gel cups were typically consumed within the first 3 days of surgery (effective dosage [5/mg/kg/day]). All animals reached the 12-week study end point without complications.
After the 12-week recovery period, bilateral measurements of the isometric TA muscle tetanic contractile force were obtained. Tetanic contraction plots for all muscles were characterized by a sharp rise in force, followed by a plateau at the peak force, and then a return to a no force resting state (Fig. 3) . The average peak tetanic force produced by normal contralateral TA muscles was 2.0 -0.1 N/kg when normalized to animal mass. Following VML injury without repair, the average peak tetanic force dropped to 1.4 -0.1 N/kg, which is equivalent to 62 -3% of normal contralateral TA muscle values, a statistically significant reduction ( p < 0.05). Following repair with isolated DSM, TA muscles produced an average contractile force of 1.5 -0.1 N/kg, which represents a 17% recovery of the peak force compared to the unrepaired VML muscle group. Although elevated, the peak force recovery following isolated DSM repair was not statistically significant compared to the unrepaired VML group. In response to repair with combined DSM + MM, the average peak tetanic force increased to 1.7 -0.2 N/kg, which represents a 50% recovery in force production compared to unrepaired VML values. The recovery of peak tetanic force following DSM + MM repair was statistically significant compared to the unrepaired VML group ( p < 0.05).
For all muscles harvested, there was no evidence of implant site infection or gross deformity at the treatment site following 12 weeks of recovery. Generally, each of the treatment group muscles appeared smaller than contralateral normal muscle and the defect site could often be identified grossly (Fig. 4) . The muscles repaired with DSM and DSM + MM appeared to FIG. 3. Twelve weeks after treatment, TA peak contractile force was assessed for both unrepaired and DSM repaired groups (n = 8/group). Representative tetanic force responses for normal, unrepaired VML, DSM, and DSM + MM repaired TA muscles (A). Peak tetanic force was normalized to animal weight (N/kg) and computed as a percentage of the untreated contralateral limb for each animal tested (B). Box and whisker plot values shown are the median, first and third quartile, as well as maximum and minimum. The increase in peak contractile force in response to DSM + MM implantation was statically significant compared to both unrepaired VML and isolated DSM repaired samples. (n = 7-8/sample group). # Distinguishes significant difference from VML group. p < 0.05; ANOVA with post hoc Tukey's test. ANOVA, analysis of variance. Color images available online at www.liebertpub.com/tea have less fibrosis at the treatment site and less atrophy overall compared to the unrepaired muscles, but still had a less organized surface morphology at the treatment site compared to the ordered striations of normal muscle. Untreated VML sample animals had a body weight normalized average TA mass of 1.27 -0.1 g/kg, which is 79 -3% of the contralateral normal TA mass. TA muscle defects repaired with isolated DSM had an average normalized mass of 1.33 -0.1 g/kg, which is 82 -3% of contralateral normal muscle mass and represents a 14% recovery in muscle mass compared to the unrepaired VML group. The group of TA muscles repaired with combined DSM + MM had an average mass of 1.40 -0.1 g/kg, which is equivalent to 88 -3% of contralateral normal values. DSM + MM muscle mass was significantly increased compared to the unrepaired VML treatment group ( p < 0.05), but not significantly greater than the isolated DSM repair group. On average, DSM + MM treated muscles recovered 43% of the muscle mass lost following VML injury (79% vs. 88% of normal). Of note, EDL muscles collected from the treated limb were on average larger than contralateral EDL muscles for each treatment group (VML, DSM, and DSM + MM), suggesting compensatory hypertrophy.
At 12 weeks postsurgery, the defect sites were detectable in histological sections prepared from all treatment groups. Transverse histological images of the defect sites for all treatment groups were characterized by the accumulation of repair tissue at the muscle surface (Fig. 5) . Unrepaired VML and isolated DSM repair defect site tissues were strongly immunoreactive to aColI, suggesting collagen-enriched connective tissue deposition (fibrosis) at the defect/repair site. Additional ECM proteins, including fibronectin, aColIII, and laminin, were each detected within the repair tissue (Fig. 6) . While the general composition of the repair tissue layer was similar across all treatment groups, the size/thickness of the layer was notably different between groups. Specifically, it was generally noted that the repair tissue layer observed in DSM + MM treated sample layer was distinctly thinner than both unrepaired VML and isolated DSM repair groups. The repair layer was often difficult to locate in many tissue sections. For all treatment groups, MHC-positive muscle fibers were present up to the border of the repair layer, but were not observed within the layer itself. For all groups, the collagen dense repair layer was notably thinner (50-500 mm) than the original VML defect (3 mm), suggesting atrophy of the transected muscle tissue proximal and distal to the defect site.
The Masson's Trichrome staining revealed signs of increased collagen deposition (blue staining) around muscle fibers in tissue regions that extended beyond the defect site for both unrepaired VML and isolated DSM repaired tissue sections. Similar qualitative increases in collagen staining were not observed in DSM + MM Masson's stained tissue sections. Subsequent quantitative analysis of aColI immunoreactivity supported the Masson's Trichrome observations. When measured using tissue sections prepared from normal contralateral skeletal muscle samples, collagen I positive immunostaining regions occupied, on average, 6.2 -1.3% of the total tissue section area (Fig. 7) . For sections prepared from unrepaired VML and isolated DSM repaired samples, the percent surface area increased to 6.5 -0.8% and 8.6 -0.5% of the total surface area, respectively. The elevated aColI area values detected following isolated DSM repair represent a 33% increase over normal tissue values. Alternatively, DSM + MM repair group collagen I percent area (5.4 -0.7%) was below all other groups, including normal muscle. On average, DSM + MM treated collagen I percent area values were 12% and 37% below VML and isolated DSM repair values, respectively. The difference between DSM + MM and isolated DSM values was statistically significant.
Six key genes associated with ECM structural proteins (colI and ColIII), ECM regulatory cytokines (TGF-b1, MMP2, and TIMP-1), and myogenesis (MyoD) were examined with the aid of RT-PCR (Fig. 8) . Muscle tissue samples collected from both unrepaired VML defect sites and isolated DSM repair sites produced approximately one tenth the relative expression of MyoD compared to normal contralateral TA muscle, with fold changes of 0.08 -0.04 and 0.14 -0.06, respectively. Alternatively, the DSM + MM repaired muscle group produced a statistically significant increase ( p < 0.05) in the expression of MyoD with a fold change of 2.95 -0.47 compared to normal TA muscle samples. Analysis of tissue collected from both the VML and isolated DSM repair groups revealed modestly increased structural and regulatory ECM gene expression values compared to normal tissue controls. aColI expression levels measured from unrepaired VML and isolated DSM samples were 1.55 -0.14 and 2.60 -0.89 of normal muscle, respectively. The expression pattern for each of the ECM regulatory genes followed a similar trend; MMP2, TGF-b, and TIMP-1 expression were typically doubled within VML and isolated DSM repair tissue samples. Expression levels for each of the structural and regulatory ECM genes were markedly increased in response to combined DSM + MM repair. The expression level for DSM + MM repaired samples exceeded both the VML and isolated DSM treatment groups by statistically significant margins for each of the genes examined ( p < 0.05) and was generally an order or magnitude greater than normal contralateral TA tissue expression values.
The gene expression ratios for each of the five ECM genes to the MyoD gene (e.g., Col I:MyoD) were calculated across all treatment groups for comparison to normal muscle (Fig. 9) . Generally, normal muscle samples produced ECM to MyoD expression ratios that clustered around a value of 13 Table 1 .
FIG. 7.
Representative DSM (A) and DSM + MM repaired (B) tissue sections immunostained for the presence of collagen type I. The sectional area immunoreactive to collagen type I was calculated using sections prepared from tissue regions located at least 3 mm away from the anterior surface of the muscle. Tissue samples collected from DSM + MM repair samples exhibited a significantly lower immunoreactivity to collagen type I compared to isolated DSM repair samples (C). Scale bar = 100 mm; n = 3/sample group; *distinguishes significant difference from the DSM treatment group; p < 0.05; ANOVA with Tukey's test. Color images available online at www.liebertpub.com/tea 
Discussion
The key findings from this study suggest that the use of an acellular DSM scaffold improved functional recovery from a VML injury and the addition of a MM paste further enhanced regeneration. Specifically, the combination of a DSM scaffold with MM paste restored approximately half the contractile force that was lost to VML injury, a finding that was consistent with the measured increases in TA muscle weight following DSM + MM repair. Secondary findings suggest that the presence of the MM increases myogenesis, indirectly assessed through MyoD expression analysis, and decreased the accumulation of collagen enriched repair tissue at the site of the defect. When taken together the electrophysiological, histological, and gene expression data provided evidence suggesting that the addition of MM to a DSM graft can be utilized to improve muscle regeneration following VML injury.
The infusion bioreactor utilized in this project is a new approach developed by our laboratory to accelerate muscle tissue decellularization. Although perfusion decellularization has been performed on the entire forelimb of a rat 26 and whole organs, such as the liver, 27 heart, 28 kidneys, 29 and lungs, 30 muscle tissue lacks the easily accessible vasculature needed for perfusion, motivating a different approach whereby decellularization solution was infused into the bulk tissue using a needle. In our recently published work, it was demonstrated that DSM scaffolds produced through infusion decellularization retain the composition, mechanics, and architecture of native muscle ECM. The major advantage of our infusion device is that it produces a decellularized scaffold in under 10 h compared to standard diffusion based (incubation with agitation) methods that can take up to two weeks for a similarly sized muscle. 11 Moving forward, a single needle system could be scaled up to create a multineedle infusion device capable of decellularizing bulkier muscle samples needed for large animal models or eventually human tissue for clinical studies. Furthermore, while we currently don't use the infusion process during the DNAse and rinse steps, we could certainly anticipate utilizing the system to accelerate all process steps. Ultimately, we believe the infusion prepared DSM scaffolds are an appropriate material from which to explore VML repair strategies.
The MM codelivery with DSM was initially motivated by findings reported by Corona et al. 18 The harvest of MM autografts in a clinical setting makes it an intriguing source of implantable satellite cells for codelivery with DSM. Rather than utilizing satellite cells which are first harvested, purified, expanded, and then ultimately implanted using a two-stage surgical strategy, MM can be acquired and delivered along with allogeneic DSM in a single stage procedure. While a single procedure strategy may simplify surgical   FIG. 9 . Collagen I to MyoD gene expression ratio versus percent normal contractile force (A) for VML, DSM, DSM + MM, and normal TA sample groups. The average expression ratios calculated for VML and DSM samples clustered near an elevated value of 30, while the DSM + MM repair sample ratio was better aligned with normal TA muscle. Average expression ratios (B) for each of the ECM structural and ECM regulatory genes to MyoD. Expression ratio values shown are mean -SEM; n = 4/sample group. Color images available online at www.liebertpub.com/tea 
Values are mean -standard error of the mean. Significant differences (analysis of variance with Tukey's, p < 0.05) from VML group distinguished by ( # ). Significant differences from isolated DSM group distinguished by (*). VML, volumetric muscle loss; DSM, decellularized skeletal muscle; MM, minced muscle; TA, tibialis anterior; EDL, extensor digitorum longus.
DECELLULARIZED SKELETAL MUSCLE WITH MINCED MUSCLE AUTOGRAFTS
planning, we clearly recognize that the MM volume (25% of the defect mass) utilized in this study, although far less than the full defect size, would still produce harvest challenges and donor site morbidity concerns. To minimize morbidity, it may be possible to collect subcritical muscle biopsies from contralateral muscle sources. Ultimately, the use of a MM grafting may have the greatest utility for the repair of smaller muscles like those of the face 31 and hands 32 where a therapeutic volume of MM muscle could be harvested from the larger muscle of the lower limbs in a manner consistent with the harvest or the middle third of the patellar tendon during anterior cruciate ligament reconstruction. 33 The encouraging signs of functional regeneration that were observed in response to MM implantation hint at additional cellular implantation factors that may enhance myogenesis within DSM implants. Specifically, the use of MM may do more to enhance muscle regeneration than simply increase the available pool of satellite cells at the injury site. Following muscle sprains and strains, the presence of injured myocytes within the wound site provides pro-regenerative cues. Specifically, it is understood that signaling cascades initiated in response to myofiber injury activate inflammatory and myogenic cells that stimulate the muscle repair process during the essential early phases of regeneration. 34 Inclusion of the signaling cues initiated by myofiber injury may provide opportunities for novel repair strategies. These cues could be provided directly through seeding of DSM scaffolds with myofibers (MM) as was examined in this study, or alternatively by identifying the key chemical signals produced in response to myofiber injury and engineering them into a biomimetic repair strategy.
The selection of a MM graft prepared using 25% of the VML defect mass was motivated by Corona's recent work showing that MM seeded in a collagen hydrogel did not effectively repair VML injury when the mass of MM was prepared using <50% of the tissue collected from the muscle defect. 19 Others have utilized the entire defect to produce significant regenerative results. 18 By exploring the use of a 25% volume MM graft, the low end of what has been explored by others thus far, we hoped to determine whether DSM scaffolds could improve the muscle regenerative performance of MM autografts beyond that which has been achieved to date. The lack of an isolated MM implantation control group was a regrettable shortcoming to this study. It would have been valuable to know the contribution of the MM graft and help elucidate whether the improved functional recovery measured following combined DSM + MM delivery was simply additive or whether there were interaction effects that enhanced regenerative performance when combined. Yet, while the effect of isolated MM was not evaluated in this study, what is clear, is two strategies that showed modest effectiveness when used separately (isolated DSM or <50% MM grafting) and stimulated significant functional muscle recovery when used in combination, suggesting to us that infusion prepared DSM material is a MM carrier scaffold worthy of continued investigation.
Toward this end, an improved understanding of the interactions between the MM paste and DSM scaffold is warranted. In particular, it would be of interest to know whether the DSM scaffolds are serving as simply a carrier material for the delivery of satellite cells or whether the scaffold creates a pro-myogenic environment that enhances satellite cell expansion. DSM + MM interactions could be explored over the short term using in vitro models, or in vivo utilizing earlier time points. The longer 12-week time point used in this study, while appropriate for the detection of force recovery, missed the key regenerative events that occur during early wound healing. Research suggests that a 1-week time point may be more appropriate for the detection of regenerative satellite cell activity. 35 The increased effectiveness of the DSM + MM scaffold compared to the collagen hydrogel + MM examined by Corona could potentially be attributed to the architecture of the DSM scaffold. Scaffolds composed of DSM, including the infusion prepared scaffolds explored in this study, are unique because they retain the parallel alignment of the native muscle from which they were obtained. 36 We, as well as others, anticipate that scaffolds with muscle mimetic network alignment will improve muscle regeneration by providing the appropriate topographical cues during healing. 5, 37 In whole muscle, ECM surrounds and supports multinucleated myofibers, which are highly aligned in the direction of muscle contraction. The individual fibers range from 5 to 100 mm in diameter and can be as long as several centimeters. 38 During implantation we were careful to orient the DSM scaffolds in the direction of TA contraction. In vitro models indicate that muscle progenitor cells utilize alignment cues during myogenesis. 39, 40 Similar alignment-sensitive responses have been reported for other cells, including cardiac muscle and tendons. 41, 42 Yet, while the many in vitro alignment studies support the motivation of aligned regenerative scaffolds, we recognize that in vivo evidence indicating that scaffold alignment is critical to muscle implant success does not yet exist. The lack of in vivo data supporting the importance of scaffold alignment in muscle regenerative therapies would appear to motivate future studies.
VML repair with DSM + MM dramatically increased gene expression for each of the structural and regulatory ECM genes explored in this study. However, the histological appearance of defect/repair site tissue for both VML and isolated DSM repair groups would suggest that ECM deposition and gene expression should be increased in these groups compared to the DSM + MM group. We suspect that ECM gene expression levels for both VML and isolated DSM groups were elevated during earlier time points; an expression pattern that is consistent with muscle fibrosis. 43 Once a stable fibrotic scar was formed, the genes returned to the lower expression values we measured at 12 weeks. It is also important to note that the collagen I immunoreactivity and PCR analysis were conducted on samples taken from different tissue regions. Collagen immunoreactivity was assessed within tissue regions located distant to the repair/defect site, while the tissue used for PCR analysis was collected from the repair site. As a result, the collagen immunoreactivity measures are likely an indicator of tissue wide ECM adaptation to differences in force generation and transmission between treatment groups, 44 while the PCR results are indicative of the regenerative and remodeling processes occurring at the site of repair.
The PCR data suggest that the addition of MM to DSM scaffolds prolongs myogenesis and ECM production at the repair site following VML injury repair. The increased expression of ECM related genes and MyoD at 12 weeks could be indicative of active remodeling and adaptation at the defect site in response to muscle activity. 45 Alternatively, the prolonged upregulation of ECM genes at 12 weeks could be indicative of ongoing fibrosis. 46 To determine whether the expression patterns we observed at 12-weeks are beneficial or pathological, longer recovery time points may need to be explored to determine whether contractile recovery is maintained. In addition, it may be of interest to explore gene expression profiles both within and away from the repair site to gain a better understanding of muscle wide responses to each repair scheme.
We explored the ratio of the relative gene expression for each of the ECM genes to MyoD to elucidate differences that may exist between normal muscle homeostasis and each of the treatment groups. The relationships between key repair genes may provide additional insights into the repair process, and in fact gene expression ratios have been utilized to examine tissue healing trends in musculoskeletal tissues, including bone 47 and ligament. 48 In this study, normal TA muscle tissue ratios (ECM:MyoD) ranged between 10 and 15 for each of the ECM genes measured. Repair strategies that increase expression ratios away from normal TA values might suggest a shift in the repair process toward increased ECM production and/or decreased myogenesis. In contrast, repair strategies that cause expression ratios to fall below normal TA values might alternatively suggest a shift toward decreased ECM production and/or increased myogenesis. With that hypothesis in mind, the DSM + MM repaired muscle groups expressed ratios that were at or below normal muscle for each of the genes tested. Conversely, muscles that received VML defects and those that were repaired with isolated DSM had ratios ranging from 32.9-51.5 to 28.6-38.1, respectively. Potentially, these and other gene expression ratios could be used to evaluate VML repair strategies in future animal models and may provide insights into treatment strategies that target gene pairs.
The codelivery of DSM with MM restored approximately half of the peak contractile force lost following VML injury (81% vs. 62%). The question then remains; what additional strategies could be utilized to restore the last 20%? Existing animal studies show that physical rehabilitation in the form of voluntary wheel running after VML injury and subsequent MM transplant can improve maximal isometric torque, without causing significant damage to healing muscle. 18 These results suggest that the application of force to the repair site during healing can contribute to muscle regeneration. This is supported by in vitro findings that have shown that force and substrate strain enhance muscle progenitor cell myogenesis. 49, 50 Motivated by a desire to closely replicate previously reported MM treatment strategies, DSM implants were not sutured to the surrounding TA muscle tissue during implantation. In the future, we plan to incorporate surgical attachment into the repair strategy, as it will enable the transfer of contractile force through the repair site during healing and regeneration. In addition to physical stimuli, the delivery of soluble stimuli in the form of growth factors has been found to enhance functional recovery after muscle injury. Specifically, fibroblast growth factor, insulin growth factor, and nerve growth factor have been shown to aid in muscle regeneration. 51 If necessary, these key molecules could be injected into the repair site at the time of surgery to deliver short-term effects, or physically linked to DSM scaffolds to potentially prolong their myogenic activity. 52 The Fischer 344 rats used in this study had not reached skeletal maturity and continued to gain weight throughout the recovery period. As a result, the findings reported in this study might more accurately model the response of young adults to VML repair with DSM and MM implants. Surgical muscle removal resulting from soft tissue sarcoma resection is another anticipated target for VML repair strategies like that described in this study. 53 This group of patients is typically older, and to date the regenerative response of MM in an aged model has not been investigated. Age related changes in muscle biology might be a limiting factor for MM usage in older patients. It is well established that muscle resident satellite cells account for the majority of skeletal muscle's regenerative capacity. 54 However, aging leads to an overall decrease in myogenic capacity mostly, in part, due to reduced satellite cell activity. [54] [55] [56] In future studies, it would be useful to understand whether the regenerative benefits of MM autografts are maintained when harvested from aged muscle. Yet, while the use of MM autografts may not be suitable for all VML repair scenarios, the findings reported herein add to the growing body of evidence supporting its potential as a VML treatment strategy that warrants continued investigation.
Conclusions
The key findings of this study suggest that:
1. The addition of MM to DSM significantly increased peak TA tetanic contractile force compared to unrepaired VML controls. 2. DSM + MM repair significantly increased TA muscle mass, restoring approximately half of the muscle mass lost to VML injury. 3. Histological analysis revealed a reduced fibrotic response at the repair site in response to DSM + MM repairs, compared to either unrepaired VML or isolated DSM repair strategies. 4. MyoD, ECM (Col I and Col III), and ECM regulatory (TGF-b1, CTGF, and TIMP-1) gene expression levels were significantly increased over all other treatment groups in response to DSM + MM repair. 5. Analysis of gene expression ratios may provide a useful indicator of VML treatment efficacy and restoration of normal muscle homeostasis.
